Using the commercial ball bearing steel, we have studied the effects of retained austenite in the heat-treated structure on the rolling fatigue life. The results of the experiments are summarized as follows:
(3) A semicircular stress-affected zone is present at the rolling part in the fatigue test, where plastic flow and tempering effects are recognized in the matrix. It is also found that the retained austenite gradually decomposes during testing.
(4) The presence of the retained austenite plays an auxiliary role in improvements of the fatigue life and reduces its irregularity.
(Received May 7, 1973) Heat-treated ball bearing steels are always found to contain some amount of retained austenite. The effect of the retained austenite in the structure on the fatigue life has seldom been studied, although there have been a few qualitative interpretations that the soft phase austenite acts like a cushion, or that a large internal stress is caused when austenite is transformed into martensite. Only the studies of Hempel et al. (1) by means of X-ray and Bush et al. (2) by electron micrographic structure observations showed that the retained austenite gradually disappeared as the fatigue proceeded, Muro(3), Shiko(4) , and Yamamoto(5) with their co-workers reported that the fatigue life was lowered when the retained austenite was decreased by the subzero treatment. The fatigue life of ball bearing steels is determined by the number of rotations until the occurrence of flaking. Many attempts (6)~ (14) have been made to account for the flaking phenomenon with various factors. The phenomenon seems to be caused by a complex combination of these factors. Moreover, the fatigue life has no decisively defined concept, and its physical meanings have not been made clear.
We (15) considered that in ball bearing steels subjected to repeated applications of compressive stress by rotating, the resulting thermal and compressive effects cause changes in the quality of the material and leads the local concentration of stress on the limited part leads to fatigue failures. In the present work, we examined the effect of retained austenite on the abovementioned process for the specimens which were prepared to contain various amounts of retained austenite by different heat treatments. Table 1 Chemical composition (wt %) of specimens.
Quantitative measurement of retained austenite is carried out by the X-ray method of Averbach et al. (16) When the integral intensities of X-ray diffraction of (1) multiple factor, and e-2M the temperature factor. N/R for every diffraction line is sought and its average of each phase is used. If there is an undissolved carbide (2) From the above equation, the quantity of retained austenite can be obtained.
In the present experiment, the integral intensity is measured by the scintillation counter, and the target of Co is used for X-ray analysis in order that the minute quantity of retained austenite 1. Fatigue life Figure 1 shows the position of the test pieces cut from the fatigue specimen. It is likely that any part of the track on which the ball bearing rotates under repeated application of compressive stress undergoes a structural change similar to that of the part where flaking occurs. As can be seen in Fig. 1 , the test pieces are cut from the part of the track (part a) and the other part where the ball bearing does not run (part b). the quantity of retained austenite attains maximum, and this result is applicable to other quenching temperatures. Because in Fig. 4 the specimen composition and the quenching temperature are fixed, the solid solute C % in martensite and the quantity and distribution of undissolved carbide are considered to be the same in all cases. As shown in Fig. 4 , the fatigue life under consideration is nearly proportional to the quantity of retained austenite, regardless of the loads applied. The more the retained austenite, the longer Fig. 4 Relation between fatigue life and amount of retained austenite.
becomes the fatigue life.
However, as shown later, it has been reported(17)(18) that the undissolved carbide at the time of quenching might have little influence on the fatigue life of ball bearing steel. So, the lowering of the fatigue life in the case of quenching from high temperatures as shown in Fig. 3 is not due to the increase of the quantity of retained austenite but should primarily be ascribed to the increase of solid solute of carbide which is caused by the rise of quenching temperature, i.e., the increase of solid solute C % in martensite. The fatigue life of ball bearing steel, therefore, depends substantially on the quality of tempered martensite of the matrix.
On the basis of statistical analysis of the rolling fatigue life, Lundberg et al. (19) defined that the fatigue life L is given by (3) where P is the load stress in the test, C is the dynamic load capacity, and the values of m are 3 in the point contact and 4 in the line contact. Taking the logarithm of eq. (3), (4) where k is a constant.
Generally, the fatigue life of ball bearings is irregular, Weibull (20) applied a ditribution function to the fatigue life, showing that it could be divided into two kinds of distribution. Frith (21) , applying Weibull's plot to the fatigue life test, maintained that the fatigue life curve of the high-hardness steel consists of three Weibull distributions, short, middle and long. The concept of the Weibull distributions has been accepted through many experiments, and we consider that the longest fatigue life in one of the three distribution groups is attributable to the fatigue of the matrix. In the present experiment, in order to restrict problem to the matrix, the specimens whose fatigue life is remarkably shorter than the average are excluded, as those affected by imperfection of, heat treatment, mechanical errors, surface flaws, etc.
Figures 5 and 6 show the relation between the load and the fatigue life by means of logarithmic coordinates according to eq. (4). Figure 5 shows a comparison between the ball bearing steel which is 9.1 % of retained austenite and that in which the retained austenite is decreased to 2.8 % by the subzero treatment just after quenching. The former which contains more retained austenite with no subzero treatment is lower in hardness and remarkably longer in fatigue life; when the load is 400 kg (Pmax=538 kg/ mm2), the fatigue life of the steel subjected to the subzero treatment is 7 days; with no subzero treatment it is 28 days, four times as long as the former. For reference, the result of Monma's(18) fatigue life test of a matrix steel which does not contain undissolved carbide is also shown in Fig. 5 . It is apparent from the figure that the undissolved carbide has little influence on the fatigue life or is merely a factor for considering the irregularity of the fatigue life. It can be concluded,
therefore, that what gives the greatest influence on the fatigue life is the quantity of retained austenite.
ture is high, almost all the carbide becomes a solid solute, and the solid solute C % in the martensite of the matrix increases to 1.02%. And the quantity of retained austenite also increases compared with the result in Fig. 5 ; 29 % in the non-subzero treated one and 7.2% in the subzero treated one. The fatigue life in this case, however, is much shorter than that in Fig. 5 , showing no marked difference by the subzero treatment. These are due to the increase of solid solute C % in the martensite of the matrix on account of the high quenching temperature, indicating that this influence is greater than the retained austenite. But, even in Fig. 6 , the mean fatigue life in the non-subzero treated one with much retained austenite is about twice as large as that in the subzero treated one with less retained austenite, in which case the influence of retained austenite can be clearly observed. Another noteworthy point in Figs. 5 and 6 is that, in both cases, the more the retained austenite the less is the irregularity of the fatigue life. In the case a large amount of retained austenite is contained, deformation may occur at the track during the early stage of steel ball rolling. But, even in this case, deformation occurs over a wide range of testing time and the track itself is greatly hardened as shown later. Therefore, it is thought that the steel ball rotates by the point contact and the value of the load remains unchanged during testing.
Discussion
The following experiments have been conducted to investigate the reason why the ball bearing steel which contains more retained austenite has a longer fatigue life when the solid solute C % in the martensite of the matrix is fixed. Figure 7 presents the result of the experiments in which, after the fatigue test, the hardness distribution in the specimen surface is investigated vertically across the track of the ball.
respectively. As they make clear, the steel given the subzero treatment is higher in its average hardness of the non-stress-affected zone free from the influence owing to rolling of the ball; the non-subzero-treated steel with more retained austenite is markedly higher in its maximum hardness of the stress-affected zone, the center of the track. Moreover, compared with the one which shows work hardening by the ball rolling, the martensite by the subzero treatment is considerably high in hardness.
The increment of hardness in the fatigue test can be seen both on the surface and in the inside of the specimens. Figure 8 shows a hardness distribution curve extending from the surface of the stress-affected zone to the depth of the specimen quenched in oil treatment, the peak of hardness can be found at a depth of about 0.3 mm on which the maximum shear stress tmax acts. And the degree of hardness in this part is higher in the specimen containing more retained austenite. Between the surface and the peak there is a part of fairly low hardness, which has also been observed by Kuroda (22) (a) shows the structure that has not been affected by ball rolling, and the boundaries between the angular and smooth retained austenite and the tempered martensite of the matrix can be clearly seen every- Fig. 7 Micro-vickers hardness changes with distances from the center of the track of the ball. where. And no changes are observed in the martensite of the matrix. On the other hand, (b) shows the structure of specimen during the ball rolling, when test is stopped at about one-half of the estimated fatigue life. Here the boundaries between retained austenite and the matrix are too indistinct for the most part to be discerned, and the matrix presents a wavelike pattern indicating the occurrence of plastic flow. This photograph shows clearly the state of general advancement of tempering, compared with (a). In the case of the flaking specimen, the retained austenite seems almost completely vanished. These changes can also be seen in the X-ray diffraction pattern. Figure 9 shows part of the X-ray diffraction data obtained by applying Ka X-ray irradiation of Co with a 1 mm line focus. (a) is the result of the load being 400 kg for each case. The upper parts of both pots indicate the diffraction pattern of the non-stress-affected zone, and the peaks of (220) and (311) of retained austenite can be clearly seen for the the diffraction pattern of the stress-affected zone, where the peaks almost completely disappear. The disappearance of the peaks is observed in all cases, regardless of the quenching temperature and the contact stress. In the process of ball rolling, the diffraction line should be broadened, but becomes matrix. It is a well-known fact in the X-ray studies of fatigue that the diffraction line broadens with repeated application of stress and then fails. The result of our experiment is opposite to this. It is assumed that the present result and the advanced condition of tempering observed through the optical and electron micrographic structure arise chiefly from the frictional heat due to repeated ball rollings under stress. Although the measurement of the frictional heat has not been done in our experiment, there are many reports(25)(26) that support this assumption. Besides this, if the specimen undergoes elastic deformation by ball rolling, a loop is expected in general to be drawn in the stress-strain curve, and so the elastic hysteresis loss can be considered theoretically as a factor to generate the heat.
According to the results mentioned above, it is thought that the reason why the specimen containing more retained austenite has a longer fatigue life can be explained as follows. In the specimen with much retained austenite, as shown in Fig. 7 , the hardness increases at the part of ball rolling. It is generally known that the higher the hardness, the longer is the fatigue life, and the latter progresses in proportion to the former (27) . Therefore, the high hardness of the ball rolling part in the specimen containing much retained austenite contributes to the fatigue life of the ball bearing steel. And the fact that this part is higher in hardness, as shown in Fig. 7 , than that in the subzero-treated specimen seems to be due to the results that the retained austenite receives a sort of ausforming under repeated application of compressive stress by ball rolling and transforms to martensite of higher hardness as the result of straininduced transformation. As a general characteristic of the steel that has undergone strain-induced transformation, no strong local stress concentration occurs even if martensite is generated. These changes are accompanied by the process of tempering, and the process may be delayed by the energy consumed for the retained austenite to transform into martensite. As seen in Fig. 8 , there is a part of fairly low hardness about 0.1 mm under the surface, below which there is a part of high hardness on which the maximum shear stress acts. It can be predicted that the presence of much a complex structure might contribute to the improvement in fatigue life. Since the retained austenite has good plastic deformability, it seems to render a cushion effect to decrease the stress generated by the martensite transformation. Moreover, as known from the studies of strain-induced transformation, the retained austenite contributes to the breaking tenacity by way of retarding the propagation of fatigue cracks. And this is influenced by the stacking fault energy of the retained austenite itself, as has been admitted in many reports about the relations between fatigue strength and stacking fault energy for alloys of fcc structure(28)(29). Cr is known as which lowers the stacking fault energy of austenite in steel, and the effect of this element apparently contributes to the fatigue life of the ball bearing steel to which about 1.5 % Cr is added. It should be noted that the presence of a large amount of retained austenite might result in secular changes in size of the ball bearing steel. This problem, however, may be settled, if some measure is taken to retain the amount of the retained austenite down to the depth where the structural change occurs as shown in Photo. 1. It has been already pointed out in many reports (3)~(5) that the subzero treatment after quenching causes shortening the fatigue life of the ball bearing steel, attributing chiefly to the internal stress which is newly caused by the martensite transformation resulting from the subzero treatment. Imai et al. (30) , however, measured the stress distribution from the surface to the inside for two kinds of ball bearing steels subjected to quenching and to the subzero treatment after quenching. They reported that the stress dis-tribution in both cases was almost the same and this was one of the most remarkable characteristics of the subzero treatment.
In the fatigue test of the subzerotreated ball bearing steel, the process of tempering at
The fatigue life of ball bearing steels is influenced by many complex factors, and it is not easy to conclude the effect of retained austenite on the fatigue life. But, from our experiment, it is evident that the fatigue life of ball bearing steels is essentially depending on the quality of the martensite of the matrix, and the retained austenite makes a considerable but auxiliary contribution to the improvement of the fatigue life, and that the presence of retained austenite lessens the irregularity of the fatigue life.
